on-line determination of bulk density and moisture content in particulate materials by measurements of the relative complex permittivity is proposed. The bulk density is determined, based on a representation in the complex plane of relative complex permittivity normalized to bulk density. For moisture content determination, a new density-independent function, exclusively dependent on the dielectric properties, is used. Results obtained from measurements on wheat over broad ranges of microwave frequencies, temperatures, densities, and moisture contents are presented.
I. INTRODUCTION
I N MANY industrial applications, bulk density and moisture content in particulate materials are needed in real time. The bulk density is often determined on a gravimetric basis or indirectly from gamma-ray absorption. For moisture content determination, the most widely used standard methods are oven techniques. They are based on oven-drying a few samples under well defined conditions. For both entities, bulk density and moisture content, these methods are either time and energy consuming and thus not practical for on-line processes, or require implementation of devices of a hazardous nature. Microwave techniques, in particular free-space techniques, provide a tool for real-time continuous characterization of these materials by measurements of their dielectric properties. The dielectric properties of a material are intrinsic properties, usually expressed by the relative complex permittivity, e = -je", where e' is the dielectric constant, which represents the ability of a material to store electric energy, and e" is the loss factor, which represents the loss of electric-field energy in the material.
When compared to other moisture content measuring methods, microwave techniques have the advantage of being safe, nondestructive, and, in most instances contactless [1] . They have been used successfully in many industrial applications for moisture content determination in several different materials [2] , [3] . With particulate materials, density fluctuations cause Publisher Item Identifier S 0018-9456(98)06139-7.
significant errors in moisture content determination if not taken into account [4] , [5] . It is difficult to stabilize the density mechanically as the particles move on a conveyor or flow through a pipe. In on-line configurations, this problem can be solved either by implementing additional devices for a separate measurement of the bulk density or by applying the density-independent measurement concept [6]-[l1]. The latter is based on identifying empirically or defining theoretically density-independent functions that are exclusively dependent on moisture content. From an industrial perspective, this can be considered a better alternative for a cost-effective on-line moisture meter. However, it may be more advantageous to sense both bulk density and moisture content with the same microwave measuring system. In this paper, a new method is proposed for simultaneous and independent determination of bulk density and moisture content by microwave permittivity measurement. The bulk density determination is based on a representation of the two components of the relative complex permittivity normalized to density in the complex plane at different frequencies, temperatures and moisture contents. For moisture content determination, a density-independent function is defined as the ratio of the loss tangent to bulk density expressed in terms of the dielectric properties. The accuracy with which both entities are determined is critically based upon the accuracy with which e' and €" are measured. One of the attractive features of this method is its total dependence on the dielectric properties, and thus it can be applied regardless of the measurement technique.
II. MATERIALS AND METHODS

A. Physical Description of the System
For the purpose of describing the different Iparameters involved in a microwave measuring system, only the reflection/transmission configuration is considered (Fig. 1) are the reflected and transmitted electric fields, respectively. These coefficients are very seldom used directly to characterize a given material, because very often they combine effects of different physical phenomena existing at the same time (multiple reflections, scattering and diffraction). Usually, the dielectric properties, derived from r and/or 'r [12] , are used for this purpose. In fact, the relative complex permittivity of a particulate material is the effective permittivity of the airparticle mixture. On the particle level, the permittivity e = can be calculated either by applying mixture equations or by means of a model for which the electromagnetic field inside the mixture has to be defined. This is rather difficult because of the complexity of the wave-material interaction. Both permittivities e and € can be considered as intrinsic electrical properties of the material under test. However, at a given frequency f, the effective relative complex permittivity € is a function of p, M, and T
= e(p, M, T) = e' (p, M, T) -je"(p, M, T) (I)
and thus is extensive because of its dependence on p, while € is intensive and depends only on M and T
= c,,(M, T) = e,(M, T) -j€(M, T).
(2)
B. Measurement of Effective Relative Complex Permittivity
The data used in this study were collected for wheat by a free-space-transmission microwave technique [13] . Measurements were carried out for two cultivars of hard red winter wheat, Triticum aestivum L., "Karl" and "Arapahoe," at seven frequencies (11.3 0Hz < I 18.0 GHz), three bulk density levels ranging from loosely packed to compacted (0.72 g/cm3 p :5 0.88 gfcm3 ), different moisture contents (10.6% < M < 19.2%, wet basis) and several temperatures (-1°C T 42 °C). The frequency selection was based on the best matching between the antennas.
A sample holder of rectangular cross section was filled with wheat kernels and placed between two horn antennas. The particles were assumed to be randomly oriented so that no particular direction for the electric field-material interaction was privileged. The attenuation A and phase shift ' of a normally incident plane wave were measured by means of a vector network analyzer (VNA) for a layer of wheat of thickness d. The VNA was calibrated in the transmission mode, and the reference for the attenuation and phase shift was taken with an empty sample holder between the horn antennas.
The real and imaginary parts of the effective relative complex permittivity are calculated considering a plane wave traveling through a low-loss material (e" << ') by the following relations:
. (4) where A0 is the free-space wavelength, and the sample thickness d is 10.4 cm. The variations of e' and €" for hard red winter wheat as a function of frequency, temperature, bulk density, and moisture content were reported previously [ 13 ] . In summary, e' and €" do not exhibit any particularly prominent behavior with frequency in the range considered. However, for density and temperature, they increase linearly, and for moisture content they increase quadratically.
C. Argand Diagram
When this relation is known, the relation between the permitThe complex-plane representation of the relative complex tivity ç,, and the two intensive properties M and T, is unique. permittivity, also known as an Argand diagram or Cole-Cole Cole-Cole plot. The linear dependence of f ' and e" on bulk density [13] implies that dividing by the bulk density should remove or at least reduce the density effect. In Fig. 3 , the y-axis represents the loss factor normalized to bulk density and the x-axis represents the dielectric constant normalized to bulk density, where the sample temperature is introduced as another variable. In this way, all four variables f, p, lvi, and T are included. Regardless of sample temperature or moisture content, at each frequency the points (e'/p, "/p) fall along the same straight line. Therefore, using a linear regression to fit the data at each frequency, the two components of the relative complex permittivity are related as follows:
where aj is the slope and k is the x-axis intercept. This representation reveals that frequency changes result in a rotation of angle 0 in the complex plane and that bdth temperature and moisture changes, at a given frequency, correspond to translations along the same straight line. From a dielectric viewpoint, this suggests that these two intensive properties, moisture and temperature, are perfectly interchangeable. The normalized dielectric properties for a given moisture content at high temperatures are those of a virtual higher moisture content at lower temperatures. The intercept k, common to all straight lines (all frequencies), can be considered as the normalized dielectric constant of the air-dry matter mixture at zero moisture content or that corresponding to the dielectric properties of a particulate material of any moisture content at very low temperature. The value of k can be determined either experimentally or by extrapolation. Measurements on dry samples of wheat of different bulk densities at room temperature (24 °C) provided a value of 2.74 for all frequencies. By extrapolation, on average, a value of 2.76 was obtained. The slopes a 1 depend solely on the frequency. For wheat, the following relation was determined:
where r2 is the coefficient of determination. For each material, a characteristic equation relating a 1 and f can be established. plot, is often used to elucidate the dielectric behavior of materials [14] . In Fig. 2 , the loss factor is plotted against the dielectric constant at room temperature, 24 °C, and for two frequencies, 11.3 GHz and 18 GHz, for different moisture contents and bulk densities. For each frequency, a cluster of data points is obtained in the complex plane. Particulate materials such as grain and powders are heterogenous mixtures of components (air, water, dry matter) with different dielectric behaviors. Therefore, it is difficult to characterize the effects of different components and physical properties by a simple
ifi. RESULTS AND DIscussIoNs
A. Bulk Density Determination
Bulk density is an important descriptive entity of particulate materials, often needed in the quality control of food and agricultural products.
Based on the argand diagram ( Fig. 3) and (5), the bulk density is given by
Provided that af and k are known for a given material, the bulk density can be determined by measurement of the dielectric properties at any temperature and moisture content. Fig. 4 shows the predicted bulk density from microwave permittivity measurements at 14.2 GHz as a function of gravimetrically (8) where n is the number of samples, p is the number of variables in the regression equation with which the calibration is performed, and Aej is the difference between the predicted value and that determined by a standard method for the ith sample. Values of the SEC in g/cm 3 at different frequencies are given in Table I . In general, these values are of the same order at the different frequencies and compare very well with those obtained when using the standard method.
B. Moisture Content Determination
For moist substances at microwave frequencies, water is the dominant factor associated with the energy dissipated in the material. With respect to energy distribution, the loss tangent, tan b, is the entity that best describes the losses in dielectrics. The variation in tan S with moisture content at 14.2 GHz and 24 °C is shown in Fig. 5 . At each moisture level, the scatter is mainly related to density changes. To eliminate this effect, the loss tangent is normalized to the bulk density given by (7). Therefore, a density-independent function for moisture content MOISTURE CONTENT, % 
determination is defined as [15]
C,,
At a given frequency and for a given material, the product kaf is constant; thus, (9) can be simplified, giving the densityindependent function
This function is fully expressed in terms of the two components of the measured effective relative complex permittivity.
Only one extrinsic factor (af ), which is dependent on the frequency alone, is needed to compute C ..The linear relation between a1 and frequency for a given material allows automatic correction for frequency variation, if any, and, more importantly, permits multiple frequency measurements if needed.
In Fig. 6 , the variation of the square root of C with moisture content M in percent is illustrated at a midband frequency, 14.2 GHz, and room temperature 24 °C. The square root of increases linearly with moisture. The scatter of data points observed for tan 6, Fig. 5 , is markedly reduced, showing the density-independent character of C. At each moisture level, the data points corresponding to different bulk densities are nearly superimposed and lie along a straight line. A linear regression is used to fit the data /=aM+b.
The slope a, intercept b, and coefficient of determination r2 are given in Table II 
(13) a Fig. 7 shows the moisture content calculated from (13) at 14.2 GHz and 24 °C versus the moisture content determined by a standard oven-drying method [16] . The straight line corresponds to the ideal relation. Values of the SEC, in percent moisture content, at different frequencies and 24 °C are given in Table III . These values are, in general, of the same order as tolerable repetition errors in practical oven drying tests, although a slight increase with frequency is observed. This is mainly caused by errors in attenuation measurements at higher frequencies and the limited dynamic range of the VNA.
IV. ERROR ANALYSIS
Errors in free-space measurements are caused by imperfection in the measuring system, mismatches, diffraction at the edges of the sample and multiple reflections. For particulate materials, depending on the size and geometry of the particles, scattering can be an additional factor. Some of these errors can be minimized by appropriate calibration, selection of the best matching conditions between the different parts of the measuring system (connectors, adaptors, cables, antennas, etc.) and selection of the transverse dimensions and thickness of the sample. However, some of them have a random character and therefore they are unpredictable.
Assuming that there is no error in bulk density and moisture content determined by standard methods, the errors in bulk density and moisture content calculated from (7) and (13) are related, according to (3) and (4), to errors in attenuation, phase shift and thickness measurements. The estimated uncertainty in bulk density is calculated, assuming no error in af and k, according to (7) as
kaj where &' and se" are obtained by differentiating (3) and (4), respectively. For moisture, the estimated uncertainty AM is calculated, assuming no errors in a and b, according to (13) as (15) where is obtained by differentiating (10). As a numerical example, calculations were made for the worst case at 14.2 GHz and 24 °C. The standard deviations for repeated measurements of attenuation were 0.03 dB on 11%-moisture grain and 0.12 dB on 18%-moisture grain.
Corresponding standard deviations for repeated phase measurements were 1.25° and 1.23°, respectively. Considering two standard deviations for the 95% confidence level, with errors in attenuation, phase shift and thickness taken as AA = ±0.25 dB, L = ± 3°, and Ad = ±0.05 cm, the uncertainties for the entire data set ranged from ±0.0 15 g/cm 3 to ±0.022 g/cm3 for p and from ±0.524% to ±0.696% for AM. These values are, on average, of the same order as those given by twice the SEC for the 95% confidence level (Tables I and Il) .
V. SUMMARY AND CONCLUSIONS
A method is presented for simultaneous and independent determination of bulk density and moisture content in particulate materials. This method is based on measurements of the dielectric properties at microwave frequencies. An explicit relationship between the bulk density and the two components of the relative complex permittivity is identified, and a new density-independent function is used for moisture content prediction. Since the dielectric properties are intrinsic properties and can be extracted from different parameters obtained by various measurement techniques, this approach has a more universal character than those previously proposed and provides more flexibility in the choice of an appropriate technique for a particular application. . Error analysis for the measurements revealed uncertainties of about 0.02 g/cm3 and 0.6% for density and moisture content, respectively, for the 95% confidence level, which agreed well with observed standard errors of calibration for the measurements. Although, results are shown for measurements on static samples of wheat, the method should be valid in general for other particulate materials and offers potential for reliable on-line measurements of moisture content in particulate materials.
